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a b s t r a c t
To date, insect-speciﬁc ﬂaviviruses (ISFs) have only been isolated from mosquitoes and increasing
evidence suggests that ISFs may affect the transmission of pathogenic ﬂaviviruses. To investigate the
diversity and prevalence of ISFs in Australian mosquitoes, samples from various regions were screened
for ﬂaviviruses by ELISA and RT-PCR. Thirty-eight pools of Aedes vigilax from Sydney in 2007 yielded
isolates of a novel ﬂavivirus, named Parramatta River virus (PaRV). Sequencing of the viral RNA genome
revealed it was closely related to Hanko virus with 62.3% nucleotide identity over the open reading
frame. PaRV failed to grow in vertebrate cells, with only Aedes-derived mosquito cell lines permissive to
replication, suggesting a narrow host range. 2014 collections revealed that PaRV had persisted in A.
vigilax populations in Sydney, with 88% of pools positive. Further investigations into its mode of
transmission and potential to inﬂuence vector competence of A. vigilax for pathogenic viruses are
warranted.
& 2015 Published by Elsevier Inc.
Introduction
Several members of the genus Flavivirus are associated with
vector-borne diseases in humans and animals, such as West Nile
virus (WNV), dengue virus (DENV) and tick-borne encephalitis
virus (TBEV). These enveloped, positive-sense, single-stranded
RNA viruses exhibit an icosahedral nucleocapsid containing a
10–11 kb genome. The 50 and 30 untranslated regions (UTRs) ﬂank
a single open reading frame (ORF) that is translated into three
structural (C, prM and E) and seven non-structural proteins (NS1–
NS5). The typical ﬂavivirus transmission cycle includes viral
ampliﬁcation and replication in both arthropod and vertebrate
hosts. However, reports of insect-speciﬁc ﬂaviviruses (ISF), which
appear to have evolved separately from other members of the
genus, indicate that ISFs replicate exclusively in arthropods with
no requirement for a vertebrate replication stage (Bolling et al.,
2012; Hobson-Peters et al., 2013)
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Cell fusing agent virus (CFAV), the ﬁrst ISF identiﬁed, was
initially isolated from the Aedes aegypti cell line Peleg and,
subsequently, from mosquitoes in Puerto Rico (Cook et al., 2006;
Stollar and Thomas, 1975). In vitro analysis revealed CFAV was
unable to replicate in vertebrate cells and characterisation of its
genome suggested that it shared similar genomic structure with
traditional ﬂaviviruses, but was phylogenetically distinct from
other members of the genus (Cammisa-Parks et al., 1992; Stollar
and Thomas, 1975). In recent years, the isolations of many novel
ISFs, including multiple strains of Culex ﬂavivirus (CxFV) and Aedes
ﬂavivirus (AeFV) in Europe, the United States of America and
Japan; Nakiwogo virus (NAKV) from Uganda; Mediterranean
Ochlerotatus ﬂavivirus (MoFV) from Spain and Hanko virus
(HANKV) from Finland has indicated that these viruses persist in
wild populations in a range of mosquito species globally (Blitvich
et al., 2009; Calzolari et al., 2012; Cook et al., 2006, 2009; Hoshino
et al., 2009; Huhtamo et al., 2009; Vazquez et al., 2012). It appears
that ISFs are predominantly maintained in these mosquito popula-
tions by vertical transmission from female mosquitoes to progeny
(Bolling et al., 2011). This disparate transmission cycle from
traditional ﬂaviviruses provides a new avenue for vector-borne
virus research. Indeed, further studies on ISFs and other insect
speciﬁc viruses (ISVs) will provide insights into the evolution of
these viruses and identify the key adaptions responsible for their
restriction to arthropod hosts and ability to persist in nature (Cook
et al., 2012; Lauber et al., 2012)
Recently, the ﬁrst Australian ISF, Palm Creek virus (PCV), was
isolated from Coquillettidia xanthogaster (Edwards) mosquitoes
collected from Darwin in the Northern Territory (NT) and was
demonstrated through in vitro analysis to suppress the replication
of WNV and Murray Valley encephalitis virus (MVEV) in mosquito
cells (Hobson-Peters et al., 2013). This was consistent with studies
by Bolling et al. (2012), which showed that Culex pipiens mosqui-
toes persistently infected with CxFV had reduced efﬁciency of
WNV transmission during early stages of infection (Bolling et al.,
2012). The potential interactions between ISFs and other ﬂavi-
viruses associated with vertebrate disease underline the signiﬁ-
cance of identifying and characterising additional ISF species to
fully assess their role as natural regulators of arbovirus transmis-
sion (Bolling et al., 2012; Hobson-Peters et al., 2013).
To further our understanding of ISF diversity within Australia,
screening of selected mosquito populations from Western Australia
(WA) and New South Wales (NSW) were undertaken. We report the
detection and characterisation of a novel ISF isolated from Aedes
vigilax (Skuse) mosquitoes from Sydney, NSW, tentatively designated
‘Parramatta River virus (PaRV)’. The isolation of PaRV represents the
ﬁrst Aedes clade ISF to be identiﬁed in Australia. Two additional
isolates of PCV were also obtained from C. xanthogaster mosquitoes
from Kununurra in northern WA.
Results
Detection and isolation of ISFs from Sydney and Kununurra
A total of 220 homogenised pools of mosquitoes from a range of
genera including Culex, Aedes Coquillettidia and Anopheles (Table 1)
collected in 2007 and 2014 from Sydney and 2010 from Kununurra
were screened for the presence of ISFs using a new virus detection
system (named MAVRIC) developed in our laboratory (O'Brien
et al., 2015). Homogenates containing positive sense single
stranded RNA or double-stranded RNA viruses were identiﬁed
following inoculation onto C6/36 cell monolayers and subsequent
staining with anti-dsRNA monoclonal antibodies (mAbs). A high
proportion of C6/36 cultures inoculated with mosquito pools
collected in 2007 from Sydney (38/100) were positive for dsRNA
by ELISA and subsequently identiﬁed as positive for ﬂavivirus RNA
by RT-PCR using ﬂavivirus generic primers (Kuno et al., 1998).
From sequence analysis of the amplicons produced from these
pools, 38 isolates of a novel ISF, tentatively termed ‘Parramatta
River virus’ (PaRV), were identiﬁed from A. vigilax mosquitoes
(Table 1). The sequence of each of the amplicons shared 98.9–
99.9% nucleotide identity to the prototype strain (92-B115745)
suggesting that they were likely to be strains of the same virus
species. Subsequent screening of additional A. vigilax pools col-
lected from Sydney Olympic Park in 2014, revealed that PaRV was
also present in 88% (n¼50) of these recent samples (Table 1). To
determine if PaRV could be isolated from a location other than
Sydney Olympic Park, further screening of selected A. vigilax pools
collected in 2014 from Newcastle (161.5 km north of Sydney) was
undertaken. From 10 pools, 6 isolates of PaRV were identiﬁed with
a 99.5–99.9% nucleotide identity over partial NS5 gene sequence to
the reference PaRV strain 92-B115745.
Two pools of C. xanthogaster collected from Kununurra in 2010
were also positive by MAVRIC ELISA and yielded an amplicon in
the generic ﬂavivirus RT-PCR. Upon sequencing these amplicons,
both shared 98% nucleotide identity with the prototype PCV strain,
56 (KC505248).
Complete viral genome sequence and phylogenetic analysis
The genome sequence of representative isolates of PaRV (iso-
late: 92-B115745, accession number: KT192549) and the new
strain of PCV (isolate: K71061, accession number: KT192550) were
determined by Sanger or deep sequencing respectively. The
genome of PaRV is 10,893 nucleotides in length and encodes a
polyprotein of 3384 amino acids. Multiple sequence alignments of
PaRV with other ISFs over the NS5 gene (Table 2) revealed that
PaRV shares 72.7% nucleotide identity with Mediterranean Ochler-
otatus ﬂavivirus (MoFV) isolated from Ochlerotatus species mos-
quitoes in Spain and a 71.4% nucleotide identity with Hanko virus
(HANKV) from Ochlerotatus species mosquitoes in Finland
(Huhtamo et al., 2012; Vazquez et al., 2012). The alignment of
the complete ORF (Table 3) identiﬁed a 62.3% nucleotide identity
and 72.3% amino acid identity between PaRV and HANKV with
amino acid identity reducing further to 43.6% and 41.2% between
PaRV, CFAV and CxFV respectively. Bayesian phylogeny from both
the ORF and a 756 bp region of NS5 (as dictated by sequence
availability on GenBank) are displayed in Fig. 1(A) and (B) where
PaRV groups with the Aedini-associated ISFs but forms a distinct
lineage from HANKV.
Further analysis of the E gene of PaRV using multiple sequence
alignment of selected ISFs within domain III of E (Fig. 2(A))
determined that the species analysed contained the same dele-
tions (residues 2-3, 50-57 and 82-83) when compared to tradi-
tional ﬂaviviruses. Notably, from the 8 ISF sequences examined, all
cysteine residues within EDIII appeared to be conserved for these
viruses. However, PaRV and other ISFs contain four additional
cysteines in EDIII which are not found in the traditional ﬂavi-
viruses (Seligman, 2008). Analysis of the NS5 methyltransferase
also revealed conserved deletions in the ISF genomes compared to
the reference ﬂaviviruses between NS5 residues 7-6, 39-52 and
247-248 (Fig. 2(B)). Indeed residues 39-52 correspond to a helix
(αA3) that is conserved amongst pathogenic ﬂaviviruses and a
deletion in this region requires further investigations (Dong et al.,
2008; Hall et al., 2009; Zhou et al., 2007)
Multiple alignments of complete ORF sequences determined
that PCV isolate K71061 shares 97.5% nucleotide and 97.5% amino
acid sequence identities with the prototype strain (PCV56
KC505248) (Table 3) (Hobson-Peters et al., 2013). This is consistent
with the branching displayed in Fig. 1(A) and (B) where PCV
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K71061 clusters closely with PCV56 suggesting a new strain rather
than a novel species.
Analysis of PaRV virion structure
Examination under transmission electron microscopy (TEM) of
concentrated virions from PaRV-infected C6/36 cell cultures iden-
tiﬁed small, round, enveloped particles approximately 50 nm in
size, consistent morphologically with ﬂavivirus virions (Fig. 3
(A) and (B)). The relatively smooth virion surface displayed on
the majority of particles is consistent with that expected for fully
mature, infectious virions.
Analysis of puriﬁed PaRV virions by SDS-PAGE and Coomassie
staining of the gel revealed bands at approximately 50 and 17 kDa
consistent with the predicted sizes of the structural proteins E and
prM (Fig. 3(C)). This was conﬁrmed by Western blot analysis of the
same preparation using mouse serum raised to puriﬁed PaRV
virion antigen, whereby the same two bands were detected
(Fig. 3(D)).
Replication of PaRV in a range of mosquito and vertebrate cell lines
To assess the host range of PaRV, the virus was inoculated onto
monolayers of various mosquito and vertebrate cells. PaRV was
assessed for replication in C6/36, RML-12 (Aedes albopictus), HSU,
Chao ball (Culex quinquefasciatus and tarsalis respectively) and
MOS 55 (Anopheles gambiae) mosquito cell lines and virus replica-
tion was detected using anti-PaRV mouse sera in IFA. While virus
replication was detected in both A. albopictus cell lines, no growth
was detected in Culex or Anopheles cell lines after three passages,
suggesting that PaRV is speciﬁc for Aedes-derived mosquito cells
(Fig. 4(A)). Further analysis on vertebrate cell lines; Vero, BHK, DF-
1 (avian) and SW13 (human) also showed no replication of PaRV at
Table 1
Summary of virus isolation from Sydney, Newcastle and Kununurra.
Collection
date
Mosquito species Location No. of pools positive/no. of pools
tested
Virus
ID
Infection rate (95%
CI)
Nucleotide identity to reference strain
(%)a
2007 A. vigilax Sydney Olympic
Park
38/97 PaRV 4.93 (3.54–6.73) 98.9–99.9b
A. notoscriptus 0/2 – –
A. alternans 0/1 – –
2014 A. vigilax Sydney Olympic
Park
44/50 PaRV 20.27 (14.51–29.38) 99.6–99.9b
2014 A. vigilax Newcastle 6/10 PaRV 8.39 (3.52–18.99) 99.5–99.9b
2010 C. xanthogaster Kununurra 2/34 PCV 0.60 (0.11–1.97) 97.5c
A. lineatopennis 0/4 – –
A. normanesis 0/3 – –
A. species 0/3 – –
A. annulipes 0/1 – –
A. bancroftii 0/1 – –
C. annulirostris 0/50 – –
C.
bitaeniorhynchus
0/1 – –
C. species 0/3 – –
a Amplicon 845 bp.
b Percentage identity to reference PaRV strain 92-B115745, accession number: KT192549.
c Percentage identity to PCV56 (KC505248).
Table 2
Amino acid and nucleotide identities over NS5 between PaRV (isolate: 92-B115745), PCV (isolate: K71061) and other ISFs.
PaRV MoFV HANKV CFAV KRV AeFV CxFV PCV56 PCV61
PaRV 100/100 86.1 86.5 63.1–65.5 64.7 61.9 63.5–66.7 62.7 62.3
MoFV 72.7 100/100 98.4 61.5–63.1 63.1 62.3 61.5–64.3 62.3 61.9
HANKV 71.4 85.8 100/100 61.9–63.1 63.1 62.7 62.0–65.1 62.7 62.3
CFAV 60.0–62.1 60.3–60.8 60.3–61.6 94.7–99.7/96.8–100 84.1–84.5 78.6–79.4 57.1–59.1 59.3–60.3 59.1–59.9
KRV 60.2–60.6 59.7 60.4–60.6 70.2–71.8 100/100 82.1 56.5–61.1 64.3 63.1
AeFV 60.1–60.5 57.9–58.5 58.7–59.1 67.4–67.9 69.4–69.8 98–100/100 57.1–59.5 61.9 61.5
CxFV 59.4–62.3 58.0–60.8 58.2–62.6 57.1–59.9 57.1–60.2 56.3–59.4 87.3–99.8/86.1–100 73.0–77.0 73.0–76.6
PCV56 58.3 58.6 59.5 57.6–58.4 59.5 57.6–57.8 65.7–68.4 100/100 98.8
PCV61 58.0 59.1 59.8 57.2–58.1 59.8 57.8–58.4 65.4–67.9 94.6 100/100
Bold text: amino acid identity.
Non bolded text: nucleotide identity. A range is given for those viruses that have multiple isolates listed on Genbank. PaRV – Parramatta River virus (isolate: 92-B115745/
accession number KT192549); HANKV – Hanko virus; MoFV – Mediterranean ochlerotatus ﬂavivirus; KRV – Kamiti River virus; CFAV – Cell fusing agent virus; CxFV – Culex
ﬂavivirus; PCV56 – Prototype Palm Creek virus (KC505248); PCV61 (isolate: K71061/accession number KT192550).
Table 3
Predicted amino acid and nucleotide identities (%) over ORF between PaRV (isolate:
92-B115745), PCV (isolate: K71061) and other ISFs.
PaRV HANKV CFAV KRV CxFV PCV56 PCV61
PaRV 100/100 72.3 43.6 42.1 41.2 40.4 40.3
HANKV 62.3 100/100 42.9 42.0 40.4 40.7 40.4
CFAV 47.0 48.6 100/100 65.8 46.2 43.1 42.8
KRV 46.5 48.6 62.3 100/100 39.7 39.3 38.9
CxFV 44.6 46.8 50.6 46.7 100/100 54.4 53.9
PCV56 44.8 47.4 49.0 46.7 55.1 100/100 97.5
PCV61 44.8 47.4 49.1 46.7 55.2 97.5 100/100
Bold text: amino acid identity.
Non bolded text: nucleotide identity. PaRV (isolate: 92-B115745/accession number
KT192549), Parramatta River virus; HANKV, Hanko virus; CFAV, Cell fusing agent
virus; KRV, Kamiti River virus; PCV56 – Prototype Palm Creek virus (KC505248);
PCV61 (isolate: K71061/accession number: KT192550).
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passage 3 by IFA using anti-PaRV mouse serum (Fig. 4(B)). By
comparison, WNV (Kunjin strain; WNVKUN) was able to replicate
in all cell lines tested with the exception of the HSU cells.
Comparison of PaRV growth in RNAi-deﬁcient and RNAi-competent
cells
The replication kinetics of PaRV was further compared with
WNVKUN in two cell lines derived from A. albopictus (C6/36 – RNAi-
deﬁcient); (RML-12 – RNAi-competent) (Fig. 5). Previously, the
RML-12 cell line had been reported to be derived from A. aegypti
larval tissues however, recent reports have identiﬁed this cell line
to be derived from A. albopictus (Frentiu et al., 2010; Hink, 1972;
Voronin et al., 2010). To establish the mosquito species this cell
line was derived from, RFLP analysis of genomic DNA from C6/36
and RML-12 cell lines was undertaken (Fig. 5(A)). Consistent with
the most recent analysis, the RML-12 cell line was conﬁrmed as
A. albopictus. Further examination of the RML-12 cell line by co-
transfection of plasmids expressing Renilla luciferase (as reporter)
and Fireﬂy luciferase (as internal control) and inducing RNAi by
transfecting different concentrations of either Renilla luciferase
speciﬁc dsRNA or control dsRNA (eGFP speciﬁc) revealed a func-
tional RNAi system (Fig. 5(B)).
When C6/36 cells were infected with either PaRV or WNVKUN at
an MOI of 0.1, PaRV replicated to approximately 50-fold higher
titre (104.97/ml) than WNVKUN (103.30/ml) within the ﬁrst 24 h.
However, by day 5 WNVKUN produced approximately 500-fold
higher titre (109/ml) than PaRV (106.3/ml) (Fig. 5(C)). Parallel
studies in RML-12 cells showed a similar trend with more efﬁcient
replication within the ﬁrst 24 h by PaRV compared to WNVKUN, but
signiﬁcantly (two-way ANOVA; P value o0.001) lower titres at
later time points (Fig. 5(D)). Both viruses replicated to approxi-
mately 100 fold greater titres at most time points in C6/36 cells
compared to RML-12 cells, most likely due to a deﬁciency of the
RNAi response in C6/36 cells attributed to dysfunctional Dicer
2 activity (Brackney et al., 2010; Scott et al., 2010). A similar trend
was also observed in C6/36 cells infected with either PaRV or
WNVKUN at an MOI of 0.01 over 5 days (Supplementary Fig. 1).
Discussion
Mosquito pools from geographically distinct locations within
Australia were screened to determine the diversity of ISFs. Using a
novel ELISA-based detection system that recognises double-
stranded RNA intermediates produced during viral replication in
inoculated cells (O'Brien et al., 2015), followed by a ﬂavivirus-
generic RT-PCR, we detected ﬂavivirus sequences from pools of
two mosquito species (A. vigilax and C. xanthogaster). Genomic
analyses of these sequences revealed two distinct viruses that
grouped within the ISF clade of ﬂaviviruses. One was a novel ISF
from A. vigilax collected in Sydney and the other a new strain of
PCV from C. xanthogaster collected in Kununurra, north-western
Australia.
Sydney Olympic Park, where PaRV was ﬁrst detected, is located
on the Parramatta River, approximately 20 km from the Sydney
central business district. The site contains extensive estuarine and
freshwater wetlands and supports a diverse mosquito fauna of
over 30 species, with A. vigilax the most abundant (Webb and
Russell, 1999). The detection of PaRV from mosquitoes collected
from Sydney Olympic Park in January of 2007 represents the ﬁrst
isolation of an ISF from an Aedes spp. in Australia. The virus was
isolated from 38 pools of A. vigilax at an infection rate of 4.93 (95%
CL 3.54–6.73), suggesting a high prevalence of this ISF in that
mosquito population. Importantly, subsequent screening of 50
pools from a 2014 collection of A. vigilax mosquitoes from the
same location revealed that PaRV may have been maintained in
this population, at an even higher rate of prevalence (88% of pools
positive), for over seven years (Table 1). Furthermore, isolates from
Newcastle, 100 km north of Sydney suggest that this virus is
potentially widespread in its distribution. Interestingly, the num-
bers of pools positive for PaRV is relatively higher than the
prevalence observed for the prototype Australian ISF PCV where
only 13.8% of pools were identiﬁed as positive (Hobson-Peters et
al., 2013). Furthermore, PaRV has been isolated at a higher
prevalence than its closest relatives HANKV and MoFV, which
were isolated from 2.4% and 21% of pools tested respectively
(Huhtamo et al., 2012; Vazquez et al., 2012). The observed rates
PaRV persistence in wild mosquito populations in Sydney suggest
that the virus may be maintained by vertical transmission within
Fig. 1. Bayesian phylogenies of PaRV and PCV61 over NS5 and ORF. (A) Bayesien phylogeny of ﬂavivirus NS5 gene between PaRV (92-B115745), PCV isolate K71061 and
selection of insect-speciﬁc, no known vector and vertebrate-infecting ﬂaviviruses. (B) Tree constructed using the complete ORFs of a selection of insect-speciﬁc ﬂaviviruses,
PaRV (isolate 92-B115745/accession number: KT192549) and PCV61 (isolate K71061/accession number KT192550). Horizontal branch lengths are displayed to scale of
substitutions per site and tree has been rooted using an out-group of TBEV, DENV-1 and RBV. Accession numbers are denoted next to each virus. CxFV, AeFV, KRV and CFAV
isolates have been collapsed for clarity.
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its mosquito host. This conclusion is supported by data obtained
by Bolling et al. (2012), which demonstrated that vertical trans-
mission was the likely mode of persistence of CxFV in a wild
population of
C. pipiens from Fort Collins in 2005.
Phylogenetic analysis suggests that PaRV groups most closely
with HANKV, an ISF isolated from Aedes (Ochlerotatus) mosquitoes
collected in Finland (Huhtamo et al., 2012; Vazquez et al., 2012). It
is important to note that A. vigilax belongs to the subgenus
Ochlerotatus within the genus Aedes. The subgenus Ochlerotatus
was elevated to genus level by Reinert (2000). However Aedes has
been retained as the genus name for A. vigilax by most mosquito
taxonomists, including the authors of the current paper (Weaver,
2005). Nucleotide identity across a 756 bp region of the NS5
protein revealed only a 71.4% similarity between PaRV and HANKV
(Table 2) and further analysis of the complete ORF has shown a
62.3% nucleotide and 72.3% amino acid identity which strongly
suggests that PaRV represents a new species within the ISF clade.
Fig. 2. (A) Analysis of PaRV (isolate: 92-B115745/accession number: KT192549) and other ﬂaviviruses of EDIII within E protein. EDIII protein alignment, conserved residues
highlighted and deletions in sequence indicated by (-). (B) Analysis of NS5 methyltransferase: comparison of ISF MTase sequence to reference ﬂavivirus species. Conserved
residues highlighted while deletions are indicated by (-). Flavivirus sequences derived from GenBank accession numbers: JQ268258 (HANKV), GQ165809 (NAKV), KC505248
(PCV56), NC_008604 (CxFV), NC_001564 (CFAV), AY149904 (KRV), NC_012932 (AeFV), NC_001563 (WNV), AY274505 (KUNV), M87512 (DENV1).
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This conclusion is supported by Bayesian analysis where NS5 and
ORF phylogenetic trees have shown that while PaRV groups more
closely with HANKV, the increased length of the branch suggested
that PaRV forms a distinct lineage within the Aedes-associated ISFs
(Fig. 1(A) and (B)).
The replication of PaRV was examined in vitro in two cell lines;
C6/36 (A. albopictus) cells which lack a fully functional small
interfering RNA (RNAi) pathway due to a defective dicer 2 compo-
nent and RML-12 cells, a cell line previously described as being
derived from A. aegypti but conﬁrmed by this study as an RNAi-
competent, A. albopictus cell line (Fig. 5(A) and (B)) (Brackney
et al., 2010; Morazzani et al., 2012; Scott et al., 2010). Possibly due
to the deﬁcient RNAi response in the C6/36 cells, PaRV replicated
to a much higher titre in this cell line when compared with the
growth rate observed in the RML-12 cells, consistent with similar
observations made by Warrilow et al. (2014). More importantly, in
both cell lines, PaRV exhibited signiﬁcantly more rapid growth
than WNVKUN (employed here as a reference virus) in the ﬁrst 24 h
then peaked at a much lower titre over the next four days (Fig. 5).
This pattern may be attributed to more efﬁcient entry to the host
cell or enhanced early-stage viral RNA replication of PaRV, fol-
lowed by increased regulation of virus growth. While further
analysis is required to understand the replication kinetics of ISFs,
we suggest that the efﬁcient, early replication coupled with low
peak titres, could be important in maintaining persistent infection
in all life stages of their mosquito hosts. However, since this trend
was consistent between the C6/36 and RML-12 cell lines, an
alternative immune pathway that is independent of Dicer-2-
mediated RNAi may be involved in regulating viral replication.
There is little evidence to suggest that ISFs can infect and
replicate in multiple mosquito species. In general, ISFs are usually
isolated from a single mosquito genus such as CxFV which have
been isolated from multiple Culex species but not from a mosquito
from a separate genus suggesting that these viruses display some
level of adaptation to their insect host (Cook et al., 2009; Hoshino
et al., 2006). Indeed, this is suggested through the phylogenetic
analysis of PaRV NS5 protein and ORF (Fig. 1) in which ISFs isolated
from Aedine mosquitoes group distinctly from other ISFs isolated
from Culicine species mosquitoes (Tables 2 and 3). However,
isolations of CFAV from Puerto Rico and Ocherotatus ﬂavivirus
from Europe remain the exception where ISFs associated with an
Aedes host were subsequently isolated from Culex species mosqui-
toes (Calzolari et al., 2012; Cammisa-Parks et al., 1992; Cook et al.,
2006; Stollar and Thomas, 1975). To determine the mosquito
host range of PaRV, in vitro replication was assessed in HSU
(C. quinquefasciatus), Chao Ball (C. tarsalis) and MOS 55
(A. gambiae) cell lines. After 3 passages, no replication could be
identiﬁed in cells derived from these species, which suggested that
PaRV replication may be highly speciﬁc for cells from Aedes spp.
mosquitoes (Fig. 4(A)). Consistent with previous studies which
characterise ISF replication, IFA analysis (Fig. 4(B)) of PaRV replica-
tion in a panel of select vertebrate cell lines conﬁrmed that PaRV is
insect-speciﬁc.
The ﬂavivirus E protein is associated with viral attachment and
entry to the target cell and can, therefore, inﬂuence cell tropism and
host range (Chavez et al., 2010). A multiple sequence alignment of
PaRV E protein with representative ISFs from Aedini, Culicini and
Mansoniini groups identiﬁed no deletions, insertions or substitu-
tions that could account for the observed lack of replication in non
Aedini-derived cell lines. However, alignment of ISF sequences
containing the domain III region of E with corresponding sequences
from the pathogenic ﬂaviviruses revealed multiple common dele-
tions including an 8 residue sequence, which is normally conserved
in the vertebrate-infecting ﬂaviviruses (Fig. 2(A)). The four extra
conserved cysteines in this domain of ISFs also indicated the
formation of 2 additional disulphide bonds and signiﬁcant changes
in the structure of this domain compared to traditional ﬂaviviruses.
Considering that EDIII is involved in virion assembly and binding to
cell surface receptors, these major structural differences may
contribute to the different host range exhibited by ISFs, when
compared with other ﬂaviviruses. Seligman (2008) proposed that
Fig. 3. (A) and (B) Transmission electron micrograph of PaRV particles. C6/36
culture supernatant infected with PaRV was concentrated through a potassium
tartrate gradient and puriﬁed virions visualised by uranyl acetate staining. (C and
D) Characterization of puriﬁed PaRV virions by SDS-PAGE and Western blot.
Samples were resolved by SDS-PAGE on 4–12% Bis-Tris gels and proteins
(C) Coomassie stained or (D) analysed by Western blot using anti-PaRV mouse
sera. Lane 1; PEG-concentrated WNVKUN supernatant, Lane 2; puriﬁed PaRV virions.
Arrowhead at 50 kDa indicates E protein while arrowhead at approximately 17 kDa
indicates prM in lane 2 of both (C) and (D).
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Fig. 4. Analysis of PaRV replication in mosquito (A) and vertebrate (B) cell lines. Mosquito (C6/36, RML-12, HSU, Chao Ball and MOS 55) and vertebrate (Vero, BHK, Sw13 and
DF-1) cell monolayers were inoculated with PaRV or WNVKUN at an MOI of 10, or mock-infected and ﬁxed at 48 h post-infection. IFA analysis was performed by probing with
PaRV mouse anti-sera or the anti-ﬂavivirus envelope mAb 4G2. The nucleus of each cell was stained with Hoechst 33342. Images taken at 40 with the exception of the
Chao Ball and MOS 55 cells which were imaged at 63.
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the altered disulphide bonding and subsequent folding patterns
within the E protein of ISFs may be associated with the mosquito-
speciﬁc tropism of ISFs (Seligman, 2008; Stiasny and Heinz, 2006).
Multiple sequence alignments of the NS5 gene revealed an
additional 14 residue deletion in ISFs that comprised the entire
αA3 helix of the MTAse domain, a motif that is highly conserved in
other ﬂaviviruses (Dong et al., 2008; Zhou et al., 2007) (Fig. 2(B)).
While modelling studies have suggested that the αA3 helix may
facilitate interaction between the MTase and polymerase domains of
NS5 during RNA synthesis and capping, this has yet to be conﬁrmed
(Malet et al., 2007). The functional relevance of the deletion of this
motif in ISFs is unclear and warrants further analysis.
Aside from identifying the conserved deletions in ISFs proteins
as discussed above, there are few analyses of the virion and
structural viral proteins of ISFs. Herein, SDS-PAGE and Western
blot analysis of puriﬁed PaRV virions revealed two bands consis-
tent with the predicted size of the structural proteins E and prM
based on the deduced amino acid sequence and predicted cleavage
sites for these proteins. While the size of the PaRV E protein
(50 kDa) was similar to that of the reference ﬂavivirus
(WNVKUN), the prM protein of this virus appears to be signiﬁcantly
smaller (17 kDa) compared to that of WNVKUN (21 kDa)
(31, 32). However the smaller size of PaRV prM is consistent with
that reported for another Aedes-derived ISF, Kamiti River virus,
where prM was observed at approximately 16 kDa (Crabtree et al.,
2003). Our data describing PaRV and that of Crabtree et al. (2003)
for KRV both suggest that cleavage of prM to M on the mature ISF
virion may be less efﬁcient than traditional ﬂaviviruses such as
WNV and DENV, with a higher ratio of prM to E apparent in SDS
PAGE gels. A similar conclusion was made for CFAV based on
amino terminal sequencing of the structural viral proteins where
prM was predicted to be cleaved inefﬁciently to M (Cammisa-
Parks et al., 1992). Furthermore, analysis of the putative furin
cleavage recognition site for PaRV (ERASR/A) reveals a serine
at 2 position while most ﬂaviviruses contain a basic residue
(R/K) at this position. While this sequence still constitutes a furin
cleavage motif, analysis by an algorithm that predicts furin
cleavage (ProP 1.0 Server) indicates that cleavage would be
relatively inefﬁcient at this site (Junjhon et al., 2008; Thomas,
2002; Zhou et al., 1999).
The initial isolation of PCV demonstrated the presence of ISFs in
mosquito populations in Darwin in 2010 (Hobson-Peters et al.,
Fig. 5. (A) Analysis of internal transcribed spacer region from genomic DNA extracted from C6/36 and RML-12 cell lines. (i) IST1 and (ii) IST2. Lane 1: A. aegypti control DNA,
Lane 2: C6/36 cells, Lane 3: RML-12 cells, Lane 4: Chao Ball cells, Lane 5: A. aegypti control DNA. Bands sizes in Lanes 2 and 3 are consistent with products ampliﬁed from an
A. albopictus template while bands present in Lanes 1 and 5 are typical of A. aegypti. (B) Concentration dependent dsRNA induced silencing in RML-12 cells. Cells were co-
transfected with a Renilla luciferase (Rluc) reporter plasmid, Fireﬂy luciferase (FFluc) internal control plasmid and different concentrations of either Rluc-speciﬁc dsRNA
(dsRluc) or eGFP-speciﬁc dsRNA (dsGFP). The relative luciferase (Rluc/Fluc) was determined 24 h post-transfection, normalised to eGFP-dsRNA transfected cells and the mean
with standard error of three independent experiments performed in triplicate is shown. (C and D) Comparative growth kinetics of PaRV and WNVKUN in different lines of
Aedes albopictus cells. (C) C6/36 (RNAi-deﬁcient) cells and (D) RML-12 (RNAi-competent) cells. Cells were infected with either PaRV or WNVKUN at an MOI of 0.1 and
infectious titres at each time point determined by titration of culture supernatant on C6/36 cells and detection of infected wells by ﬁxed cell ELISA. Error bars represent
standard deviation and asterisks indicate signiﬁcance (P value o0.0001) as determined by a two-way ANOVA.
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2013). Further assessment of mosquito pools collected during a
similar period from Kununurra, approximately 830 km south-west
of Darwin, yielded the isolation of a new strain of PCV from
C. xanthogaster mosquitoes (Table 1). Characterisation of the new
strain of PCV reveals that it is very similar to the prototype PCV
strain, displaying a 98% nucleotide identity over the NS5 gene
(Table 2). These recent isolations suggest that PCV is potentially
distributed widely throughout northern Australia in C. xanthoga-
ster mosquito populations.
In summary, we report the ﬁrst isolation of an Aedes clade ISF
in Australia and the detection of a new strain of PCV. Genome
sequence analysis of the two ISF species isolated from Australia to
date indicates signiﬁcant divergence from ISFs described from
other parts of the world. Screening for further ISFs in mosquito
populations from other regions of Australia will likely yield more
divergent ﬂaviviruses, enhancing knowledge of the diversity and
prevalence of these viruses and our understanding of their ecology
and evolution. A. vigilax is considered to be the primary vector of
the alphaviruses; Ross River and Barmah Forest viruses and is a
competent laboratory vector for numerous other pathogenic
arboviruses including, Chikungunya virus and WNV (Hu et al.,
2010; Jansen et al., 2008; Ryan and Kay, 1999; van den Hurk et al.,
2010). Future investigations identifying the mode of transmission
of PaRV between A. vigilaxmosquitoes and whether it can interfere
with the transmission of pathogenic ﬂaviviruses and alphaviruses
in co-infected mosquitoes are warranted.
Materials and methods
Mosquito collection and processing
Mosquitoes were collected using CO2-baited light traps from
Kununurra (NT) in 2010, Sydney and Newcastle (NSW) in 2007 and
2014 as per Jansen et al. (2009) and Lindsay et al. (1993).
Mosquitoes were morphologically sorted by species into pools of
up to 100 individuals and stored at 80 1C until processing.
Maximum likelihood estimation of mosquito infection rate
(MLE-IR) with 95% conﬁdence limits was calculated using the
statistical software package PooledInfRate, Version 3.0: A Micro-
softs Excels Add-In to compute prevalence estimates from pooled
samples. Centers for Disease Control and Prevention, Fort Collins,
CO. U.S.A (Biggerstaff, 2005).
Cell and virus culture
C6/36 (A. albopictus) cells were cultured at 28 1C in RPMI 1640
medium supplemented with 5% foetal bovine serum (FBS). HSU
(C. quinquefasciatus), Chao Ball (C. tarsalis) and RML-12 (A. albopictus)
cells were cultured in Leibovitz's L-15 medium supplemented with
10% FBS and 10% tryptose phosphate buffer at 28 1C (Hsu et al., 1970;
Voronin et al., 2010). MOS 55 (Anopheles gambiae) cells were
maintained at 28 1C in Schneider's drosophila medium, 10% FBS
(Marhoul and Pudney, 1972). Vero (Green African monkey kidney),
BHK (Baby Hamster kidney) and SW13 (human carcinoma) cells were
supplemented with 5% FBS in Dulbecco's modiﬁed Eagle's medium
(DMEM) and grown at 37 1C with 5% CO2. All media contained 50 U
penicillin/mL, 50 mg streptomycin/mL and 2 mM L-glutamine.
Stocks of the viral isolates were propagated by inoculating
C6/36 cells and incubating at 28 1C for 5–7 days. Stocks were
titrated by serial 10-fold dilution onto monolayers of C6/36 cells in
96 well plates using 10 wells per dilution. After 5 days the culture
supernatant was removed and the cell monolayers ﬁxed with
acetone ﬁxative buffer (20% acetone, 0.02% bovine serum albumim
(BSA) in phosphate buffered saline (PBS)). PaRV-infected wells
were detected by ELISA using monoclonal antibody (mAb) 3G1 and
previously described methods (O'Brien et al., 2015). WNVKUN-
infected wells detected by the above methods using the mAb
4G2 (Gentry et al., 1982). Virus titres were determined as 50%
tissue culture infective dose (TCID50) using the methods of Reed
and Muench (1938).
Virus isolation and identiﬁcation from mosquito homogenates
Mosquitoes collected from Sydney in 2007 and Kununurra in
2010 had been screened previously for ﬂaviviruses and alphaviruses
that cause disease in vertebrates by methods described by Jansen
et al. (2009) and Broom et al. (1998). All pools identiﬁed as positive
from this analysis were removed. Mosquitoes collected from Sydney
and Newcastle in 2014 were homogenised in 1.5 ml of culture
medium (RPMI 1640) supplemented with 2% FBS using a Tissue
Lyser lll (Qiagen) for 8 min at 30.0 Hz. Homogenates were then
centrifuged, passed through a double 0.2 μm/0.8 μm ﬁlter and
stored at 80 1C until use. Two hundred microliters of ﬁltered
mosquito homogenate was inoculated onto semi-conﬂuent C6/36 A.
albopictus cells and incubated at 28 1C for 6 days. Supernatant was
harvested and cells ﬁxed in 20% acetone with 0.02% BSA in PBS for
4 h at 4 1C. Fixed cell ELISA was performed using a monoclonal
antibody targeted to double-stranded RNA (mAb 3G1) (O'Brien et
al., 2015). RNA was extracted from 150 mL of culture supernatant of
the ELISA-positive samples using the Macherey Nagel Nucleospin
Viral RNA isolation kit. Five microliters of puriﬁed RNA was then
tested by RT-PCR (SuperScript III One-Step RT-PCR System with
Platinum Taq DNA polymerase, Invitrogen) using the generic
ﬂavivirus primers FU2/CFD3 (Kuno et al., 1998) with the cycling
conditions; RT; 45 1C/30 min, 94 1C/2 min, PCR; 94 1C/30 s, 45 1C/
30 s, 68 1C/45 s for 40 cycles and ﬁnal extension 68 1C/5 min for the
presence of ﬂavivirus RNA. As additional conﬁrmation, any samples
that were positive in the ﬁrst round of RT-PCR, were re-tested using
RNA extracted directly from the mosquito homogenate.
Sequencing of viral isolates
Partial NS5 gene sequence for novel PaRV and PCV viral isolates
was obtained from RT-PCR products generated by FU2/CFD3
primers as described above. The complete sequence of the PaRV
genome was obtained from one isolate (92-B115745) using gene
walking and a series of primers designed from the PaRV sequence
and from regions of conserved sequence of published ISF genomes
(PCV, NAKV, HANKV). The RT-PCR was performed using Super-
script III reverse transcriptase (Invitrogen) and Phusion high
ﬁdelity DNA polymerase (Finnzymes). The 50 and 30 ends of the
genome were ampliﬁed using the GeneRacer kit (Life Technolo-
gies) according to the manufacturer's instructions, except that the
30 terminal sequences were determined by ligating an arbitrary
primer to the viral RNA using T4 RNA ligase. Amplicons were
puriﬁed by agarose gel electrophoresis and extracted using the
NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel). Puriﬁed
DNA fragments were sequenced at the Australian Genome
Research Facility (Brisbane, Queensland). Ion torrent sequencing
and genome assembly of PCV61 (isolate: K71061) was performed
as per Warrilow et al. (2014).
Sequence alignments and phylogenetic analysis
All nucleotide and predicted amino acid sequence alignments
and percentage identities over the complete ORF, envelope and
NS5 genes were performed using MUSCLE (Edgar, 2004). NS5
phylogeny was assessed using a 756 bp (relative to positions 8975
– 9731 of CxFV AB377213) nucleotide data set of 37 available ISFs
sequences and 3 out-group sequences (tick-borne encephalitis
virus (TBEV) NC_001672, Rio Bravo virus (RBV) NC_003675 and
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Dengue-1 virus (DENV1) M87512. The phylogeny of the complete
open reading frame (ORF) was assessed using 16 reference ISF
sequences and an out-group of 3 sequences described above.
Phylogenetic trees were constructed using MrBayes v3.2.2 under
the Bayesian Marko chain Monte Carlo (MCMC) model
(Huelsenbeck and Ronquist, 2001) under default parameters, with
the exception of the ORF analysis in which the WAG model was
selected for amino acid replacement. Furin cleavage analysis was
undertaken using the algorithm ProP 1.0 Server (http://www.cbs.
dtu.dk/services/ProP).
Morphology of PaRV under transmission electron microscopy (TEM)
PaRV particles propagated in C6/36 cells were harvested at
5-days post-infection by centrifugation at 3000 rpm for 15 min at
4 1C. Supernatant was added to a 40% PEG8000 solution and left to
stir overnight at 4 1C before puriﬁcation through a potassium
tartrate gradient. In brief, virus solution containing PEG was
puriﬁed through high speed centrifugation at 12,000 rpm, for 1 h
(Beckman Coulter Avanti J-26 XPI), supernatant was discarded and
the PEG pellet was resuspended in 1NTE buffer (Tris 12 mM,
EDTA 1 mM, NaCl 120 mM). A 5% sucrose cushion was underlayed
and centrifuged at 28,000 rpm (Beckman Coulter Optima L-100 XP
Ultracentrifuge) at 4 1C for 2 h. The supernatant was discarded and
250 μl of 1NTE was added to the pellet and incubated overnight
at 4 1C. The pellet was resuspended in 1NTE before being
layered upon a potassium tartrate (10–40%) gradient. The gradient
was then centrifuged at 50,000 rpm (Beckman Coulter Optima
L-100 XP Ultracentrifuge) for 1 h at 4 1C. Puriﬁed virions were
harvested, aliquoted and stored at 4 1C for immediate TEM analysis
and 80 1C for production of mouse antiserum.
Puriﬁed virions were prepared for TEM on a formvar-coated
copper grid and negatively stained with 1% uranyl acetate. All images
were viewed in a JEOL1010 transmission electron microscope.
Production of PaRV mouse anti-sera
PaRV anti-serum was produced by immunising two adult
female BALB/c mice with PaRV puriﬁed virions obtained by
potassium tartrate gradient described above. Brieﬂy, puriﬁed
virions were added to Titre-Max Gold adjuvant (Sigma-Aldrich)
according to the manufacturer's instructions and used to subcu-
taneously immunise the mice at 14 day intervals. A ﬁnal boost of
freshly prepared PaRV puriﬁed virions (no adjuvant) was adminis-
tered 1 month later. Following this, the serum was harvested. The
reactivity of the anti-PaRV mouse sera to gradient puriﬁed PaRV
virions was performed in Western blot as per published methods
(Clark et al., 2007).
RML-12 cell line analysis
To conﬁrm which mosquito species the RML-12 cells were
derived from, the cell lines, C6/36, RML-12 and Chao Ball cells
were cultured by methods described above. Genomic DNA was
extracted from the cell lysates using the Machery-Nagel Genomic
DNA kit as per the manufacturer's instructions. PCR analysis,
restriction digest of PCR amplicons and imaging of gels were
performed as per Beebe et al. (2007).
RNAi reporter assays were performed in a similar way as
previously described by Schnettler et al. (2013). In short,
1.7105 RML-12 cells were seeded in a 24 well plate, 24 h prior
transfection. Expression constructs encoding Fireﬂy luciferase
(60 ng, pIZ-Fluc) and Renilla luciferase (10 ng, pAcIE1-Rluc) were
co-transfected with different concentrations of dsRNA (100, 10 and
1 ng), either Renilla luciferase speciﬁc or eGFP-speciﬁc (as control)
using Dharmafect transfection reagent 2, according to the
manufactures protocol. Cells were lysed 24 h post-transfection
and luciferase was detected using the Dual luciferase assay
(Promega) according to the manufactures protocol (Schnettler et
al., 2013).
Analysis of PaRV replication in RNAi-deﬁcient (C3/36) and RNAi-
competent (RML-12) cells
C6/36 and RML-12 cells were cultured by methods previously
described and seeded at a density of 1105. Monolayers were
inoculated in triplicate at a multiplicity of infection (MOI) of 0.1 or
0.01 (for C6/36 cells only) with PaRV or WNV (Kunjin virus
MRM16; WNVKUN). After incubation at 28 1C for 1 h the inoculum
was removed and wells were washed three times with sterile PBS
with fresh cell-speciﬁc media added for further incubation at
28 1C. Supernatant was harvested at 2 h, 24 h, 48 h, 72 h, 96 h
and 120 h time intervals. Infective viral titres from each time point
were determined by TCID50 assay as described earlier. Statistics
were performed using the Graphpad software Prism using the two
way-ANOVA algorithm.
Analysis of PaRV virus replication in mosquito and vertebrate cell
lines
Mosquito (RML-12, HSU, Chao Ball, MOS 55 and C6/36) and
vertebrate (Vero, BHK-21, SW-13 and DF-1) cell lines were cultured
by methods described above. Cells were seeded at a density of
approximately 1105 and infected at an MOI of 10 with either
PaRV or WNVKUN for 2 h at 28 1C and 37 1C respectively. The
inoculum was removed and coverslips washed three times with
sterile 1 PBS, before respective media were replaced and cover-
slips incubated at 28 1C or 37 1C for 48 h. Cells were examined for
the presence of CPE and ﬁxed with 20% acetone. 100 μl of super-
natant from each sample was transferred to freshly seeded cover-
slips and passaged by the method just described.
Coverslips from passage three (P3) were blocked with 0.2% BSA
in PBS for 1 h. Following incubation with either PaRV mouse anti-
serum or the mAb 4G2, the coverslips were washed with PBS and
stained with Alexaﬂuor 488-conjugated goat anti-mouse IgG
(HþL;Invitrogen) and Hoechst 33342 nuclear stain (Invitrogen)
for 1 h or 5 min at room temperature respectively. Coverslips were
washed a further 3 times with PBS and mounted onto glass
microscope slides using ProLong Gold Anti-fade (Invitrogen). All
samples were viewed under the ZEISS LSM 510 META confocal
microscope.
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